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Fig. 1. Bias-corrected CCSM4 Climate Model for 85th percentile daily precipitation events in the Knox
County watershed (HUC-12). (a) Historical projection from 1980 to 2005. (b) Future projection from 2025-2050.
According to the CCSM4 model, greater rainfall values are expected for 85th percentile events in this watershed.

Fig. 2. Workflow for the Climate-Induced Social Vulnerability Index. Theme SVIs are in green, orange, purple,
and cyan colored boxes, while the complete SVI, Climate Index, and CSVI are in red. See Table 2 for indicator
calculation and as a supplement to this figure.

Fig. 3. (a) Location and extent of East Tennessee area of interest, and mapped result of the overall combined
SVI for (b) Roane County (c) Anderson County (d) Union County (e) Grainger County (f) Jefferson (g) Sevier
County (h) Blount County (i) Monroe County (j) Loudon (k) Knox County. SVI scores approaching 1 describe
a greater social vulnerability whereas scores approaching 0 describe a lesser vulnerability.

Fig.4. Overall combined SVI shown for downtown Knoxville, Tennessee as displayed in Urban-CAT.

Appendix A Figures. (a) Socioeconomic Status Theme indicators include poverty, unemployment, income, and no

high school diploma. (b) Household Composition and Disability Theme indicators include residents age 65 and
older, residents age 17 and younger, residents older than 5 years with a disability, and single-parent households. (c)

Minority Status and Language Theme indicators include minority status and households that speak English “less
than well”. (d) Housing and Transportation Theme indicators include multi-unit structures, mobile homes, crowding,

no vehicles, and group quarters.
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Table 2. List of the 15 ACS 2008-2012 variables used as indicators for the SVI and calculation methods to
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ABSTRACT

Census American Community Survey 2008-2012 data are used to construct a spatially explicit Social
Vulnerability Index (SVI) for the East Tennessee area. A Climate-Induced Social Vulnerability Index
(CSVI) is to be developed as a combination of the SVI and a Climate Index. A method is replicated and
adapted to derive a custom SVI by Census tract for the counties participating in the East Tennessee Index,
and a Climate Index will be developed for the same area based on indicators for climate hazards. The
resulting datasets are to be exported as a raster to be integrated and combined within the Urban Climate
Adaptation Tool (Urban-CAT) to act as an indicator for communities which may be differentially
vulnerable to changes in climate. Results for the SVI are mapped separately from the complete CSVI in
this document as results for the latter are in development.

1. BACKGROUND & INTRODUCTION

1.1 URBAN-CAT PROJECT BACKGROUND

As part of a Laboratory Directed Research and Development (LDRD) project, Oak Ridge National
Laboratory (ORNL) has partnered with the City of Knoxville and Knox County to investigate climate
change and possible adaptation strategies for mid-sized urban areas. Namely, the Urban Climate
Adaptation Tool (Urban-CAT) serves as a decision analysis web-based tool used to map possible climate-
related risks and optimize planning strategies. The tool leverages climate and population projections along
with socioeconomic and infrastructure data in an interactive spatial environment to visualize, model, and
analyze potential risks and planning options to reduce these risks. During development, the initial
capability of the tool focuses on optimal locations for implementing green infrastructure as a measure of
stormwater and flood management in Knoxville, TN. In this way, stormwater and flooding are the pilot
events, Knoxville is the pilot city, and green infrastructure is the pilot mitigation. Future development will
expand these capabilities to include other emerging cities, climate change related events and adaptation
options, as well as possible improvements and additions to the roster of indicators. This document
describes the development of a Social Vulnerability Index (SV1) for the East Tennessee Index” areas of
interest (i.e. ETindex reach) as an indicator for communities which may be socially vulnerable to climate
change.

1.2 INTRODUCTION

Several climate models have shown that a changing climate can potentially put communities in
East Tennessee at risk to extreme weather including possible flooding from high intensity precipitation
events (Fig. 1; Table 1; Sylvester, Omitaomu, Parish, & Allen, 2016). Urban-CAT is being designed to
assist decision makers in strategically adapting to these changes by adopting a risk-based spatial model.
Risks are assessed via indicators that describe stressors and vulnerabilities. Understanding vulnerabilities
can show communities which vulnerable components can enhance a stressor making an event that much
more hazardous. For example, a heat wave superimposed upon a heat island would compound the effects
of temperature and potentially pose significantly more risk than a heat wave over a lesser developed area.
Currently, the tool uses indicators that consider physical phenomena to spatially quantify and visualize
vulnerability to the potential impacts of these events (e.g. increased frequency and intensity of rainfall
events, urban heat islands).

* ETindex.org
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Fig. 1. Bias-corrected CCSM4 Climate Model for 85th percentile daily precipitation events in the Knox
County watershed (HUC-12). (a) Historical projection from 1980 to 2005. (b) Future projection from 2025-2050.
According to the CCSM4 model, greater rainfall values are expected for 85th percentile events in this watershed.



Table 1. Difference in rainfall depths for high percentile precipitation events between the historical and
future projections from 10 climate models (adapted from Sylvester, Omitaomu, & Parish, 2016). The greatest
increase occurs in the 95th percentile.

Difference
Model Between Past and Future

Event Rainfall [inches)
75th Percentile 80th Percentile 85th Percentile 90th Percentile 95th Percentile

ACCESS “ u.us.|| 007}l o8l n.w; | 0.12

BCC [ 0.05 ﬂ 0.07 [ 0.08 D 0.12 i:| 0.26
ccsM4 0.10 | 0.14 ! | 0221 | 0.3 1 | oe4
cMec - 0.25 |: 0.20 D 0.16 l:| ol | o
FGOALS 00| -0.02 E 0.02 E 0.02 0.01
GFDL ﬂ 0.05 |] 0.06 ;:| 0.09 0.14 i:| 0.31
IPSL iJ 003} 004§ 0.06 L| 0.12 i_l 0.23
MPI D 0.15 |:| o0l | 0.28 l:| 0.46 ] 107
MRI ﬂ 0.04 |] 005k 0.08 D 0.13 D 0.19

NorESM i] 0.02 [ 0.04 ﬂ 0.06 D 0.10 i:l 0.28
Average ﬂ 0.07 I:I 0.08 D 0.11 D 0.19 !:l 0.38

However, the ability of a given community to cope with these impacts can be described in terms of
resilience, which can be defined as a community’s ability to anticipate, prepare, endure, and recover from
a hazardous event (Henstra, 2012). Although a series of communities may incur the same event and be
equally or similarly vulnerable to its direct impacts, the resilience of one particular community may
substantially differ from another due to social factors (Cutter, 1996). The social vulnerability of a
community then, is a very relevant consideration in resilience planning and climate adaptation strategies.

To represent and integrate a social consideration for climate change adaptation into Urban-CAT, we
construct a Climate-Induced Social Vulnerability Index (CSVI) for counties that fall within the ETindex
areas of interest, plus Grainger County since it falls within the common watershed. The methodology
used is based on established methods by the University of South Carolina’s Hazards and Vulnerability
Research Institute (HVRI) and the Centers for Disease Control and Prevention (CDC)'. Cutter and
colleagues at HVRI have done seminal work which has produced a continually revised Social
Vulnerability Index for environmental hazards (SoVI)*. Revisions from the original 2003 index are
mainly re-evaluations of indicators used for the index as new potential variables emerge from the U.S.
Census American Community Survey products, as well as developments in the knowledge base of
vulnerability research. The HVRI methodology begins with a thorough review of social indicators to
hazards vulnerability that can be taken from available Census variables and some ancillary sources,
followed by a principal components analysis to reduce the original variables to 11 independent factors.
The factors are weighted by county and then assembled in an additive model to come up with a composite
vulnerability score per Census County for the contiguous United States.

Building on HVRI’s work, the CDC’s Geospatial Research, Analysis, and Services Program (GRASP)
used a similar model per Census tract. A percentile-rank approach was applied to 15 Census-based
variables selected as indicators (Flanagan et al., 2011; CDC, 2016). The term “indicator” is used in the

T See http://svi.cdc.gov/ for more information.
* See http://artsandsciences.sc.edu/geog/hvri/ for more information.



respective literature to define variables that can be used to represent broader social concepts®. For
example, “Age 65 or older” and “Age 17 or younger” are two Census variables used as indicators that
describe how a certain household composition may contribute to a higher vulnerability. These indicators
are grouped into “Themes” which produce separate indices that sum to the overall combined Social
Vulnerability Index (SVI). The Environmental Protection Agency’s (EPA) Environmental Justice
Mapping and Screening Tool (EJSCREEN) is another example of a tool that combines environmental and
demographic indicators to form an environmental justice index to identify and address disproportionately
high human health or environmental effects (EPA, 2015).

After reviewing these approaches, the CDC methodology was adapted to the following East Tennessee
counties: Anderson, Blount, Jefferson, Grainger, Knox, Loudon, Monroe, Roane, Sevier, and Union. This
decision is based mainly on the vintage and relevance of the Census data used for indicators, and since
tract-level analysis is more practical in terms of implementation strategies for the ETindex geographical
scope.

2. METHODOLOGY

21 OVERVIEW OF METHODS

Generally, previous SVI methods rely on an additive approach based on Census variables used as
indicators. The SVI however, is in turn an indicator for social vulnerability within Urban-CAT, as are the
data for physical phenomena. For the approach adopted here, percentiles are derived from indicators
drawn from Census American Community Survey (ACS) 2008-2012 variables. These values are summed
and normalized to produce thematic and overall SVIs. The overall combined SVI is an aggregate of four
SVI Themes: Socioeconomic Status, Household Composition & Disability, Minority Status & Language,
and Housing & Transportation. In this document, the overall SVI will primarily be referred to as such for
clarity or simply as “SVI”, and the thematic versions always referred to collectively as the four Theme
SVIs. In the future the CSVI will be a combination of this SVI and a Climate Index made up of physical
climate-based indicators which can be used dynamically in Urban-CAT as a whole CSVI or by the four
aforementioned Themes. This workflow is summarized in Fig. 2.

§ See Cutter, Boruff, & Shirley, 2003, page 245 for more information and as an example.
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Table 2. List of the 15 ACS 2008-2012 variables used as indicators for the SVI and calculation methods to
obtain final indicators to be used in the index. Colors correspond to the workflow diagram in Fig. 2.

Indicator

% Individuals
below poverty

% Civilian
unemployed

Per capita
income

% Persons no
high school
diploma

% Persons
+65

% 17 or
younger

% Persons +5
old with
Disability

SVI Theme

Household Composition &

Table 2. (continued)

Socioeconomic Status

Disability

ACS Variables

Ratio of income
to poverty level
in the past 12
months

Universe:
Population for
whom poverty
status is
determined

Sex by age by
employment
status for the
population 16
years and over

Per capita
income in the
past 12 months
(in 2012
inflation-
adjusted
dollars)

Educational
attainment for
the population
25 years and
over

Sex by age

Sex by age

Sex by age by
disability status

ACS Variable Fields & Indicator Calculation

“Under 0.50” + “0.50 to 0.99”
Total Population

Sum of age groups "16 to 19 years" and older for males and females
with "unemployed status”
Population 16 and over

Direct variable

"No schooling completed” + "nursery school" + "kindergarten" +
"1st grade" + "2nd grade™" + "3rd grade" + "4th grade"
"bth grade"+ "6th grade" + "7th grade™ + "8th grade™ + "9th grade"
+ "10th grade" + "11th grade" + "12th grade, no diploma"

Population 25 years and over

Sum of age groups "65 to 66 years" and above for males and females

Total Population

Sum of Male and Female:
"under 5 years" + "5 to 9 years" + "10 to 14 years"
+ "15to 17 years"
Total Population

Sum of Male and Female with disability for age groups:
"5 1o 17 years" and remaining age groups over 18 years
Total Population
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% Male or
female
householder,
no spouse
present, with
children under
18

% Minority

% Persons
over 5 years
who speak
English less
than well

% Multi-unit
structure

% Mobile
homes

Crowding

No vehicle
available

% Persons in
group quarters

Minority Status & Language

Housing & Transportation

Family type by
presence and
age of own
children under
18 years

Race

Hispanic or
Latino origin by
race

Language
spoken at home
by ability to
speak English
for the
population 5
years and over

Units in
structure

Household type
by units in
structure

Tenure by
occupants per
room

Household size
by vehicles
available

Group quarters
population

"Male householder, no wife present: with children under 18 years" +
"Female householder, no husband present: with children under 18
years "

Families

(RACE: "Black or African American alone" + "American Indian and
Alaska Native alone" + "Asian alone" + "Native Hawaiian and Other
Pacific Islander alone" + "Two or more races") +
(HISPANIC OR LATINO ORIGIN BY RACE: Hispanic or Latino: "White
alone")

Total Population

*All capital letters denote an ACS variable rather than a field of a variable

Sum of "Speak English less than very well" for each language
Population 5 years and over

"10 to 19" + "20 to 49" + "50 or more"
Housing units

Sum of all households: "mobile homes and all other types of units"
Households

Sum of "Owner occupied™ and "Renter occupied” with:
1.01 to 1.50 occupants per room + 1.51 to 2.00 occupants per room
+2.01 or more occupied per room
Occupied Housing Units

"No vehicle"
Total Households

Total population in group quarters

Total Population
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Since the geographic scope of the HVRI and CDC indices encompasses at least the contiguous United
States, the vulnerability of any given Census unit is relative to the rest of the country. That is, when
values are ranked or represented as deviations from the mean it is in respect to the United States as a
whole. For the SVI derived here, tract data are grouped by county so that the vulnerability of any given
tract is relative to its respective county. Details within the county become clear and this makes it so that
the spatial relationships are at an actionable scale. For example, county planners can visually analyze
which tracts are vulnerable within the respective jurisdiction and propose strategies accordingly.

2.2 SOCIAL VULNERABILITY INDEX (SVI)

ACS data for 2008-2012 was collected for the 15 vulnerability indicators outlined in the CDC method
(Table 2). While certain indicators are directly obtained from the ACS, others must be derived from a
combination of original Census variables, such as percent minority population. Also, important to note,
the indicator data used in this methodology may be obtained in more than one way. That is, the ACS
variables occur redundantly throughout numerous tables in the Census database. For example, the
indicator for mobile homes appears both in the “Group housing” and “Household type by units in
structure” tables. Because of this, the same indicator may either be drawn from a sum value from various
reported subsets in one or various tables, or a direct total. In theory, these should agree. For this
methodology, an attempt was made to obtain the indicators as directly as possible in respect to the
database available in a local server.

All variables are normalized to their respective domains except for income (i.e. expressed as percentages,
per capita, or other density functions). Tracts with 0 population values are omitted from analysis. The data
is grouped by Census county GEOID (Geographic Identifier) and values for each indicator are ranked
from lowest to highest (1 being the lowest), except for income which is ranked in reverse since it has a
negative relationship with vulnerability. Ranks are converted to percentiles using the following formula
where X is any individual value and n is the number of records:

(x;—1)

Percentile rank = =1

Percentiles for select indicators are summed into composites according to each Theme (see Table 2 for
which variables correspond to each Theme). These totals are then scaled so that all values range from 0 to
1 (i.e. unity-based normalization; u represents the mean for a given variable):

Xi— H

zp= ———————
Xmax — Xmin

Finally, the Themes are summed to obtain the overall combined SVI, scaled to range 0-1, and
concatenated to spatial files by GEOID. Spatial files are exported in 30-meter grid-cell raster format in
order to be compatible in the Urban-CAT environment (i.e. GeoTIFF).

2.3 CLIMATE-INDUCED SOCIAL VULNERABILITY INDEX (CSVI)

To obtain the CSVI, the previously calculated SVI will be combined with a Climate Index. Since all
indicators and indices including the SVI are in raster format, they can be added to each other in a matrix-
style operation. Once all datasets are scaled to range from 0 to 1, the resultant SV calculated for East
Tennessee is added one-to-one to the climate indicators to produce the final CSVI:

[SVI] + [Climate Index] = CSVI

12



This addition will be rendered dynamically as a user selects SVI Themes and Climate Index indicators to
consider. However, the data itself remains static. That is, the values for each grid cell in the Theme and
overall combined SVI and Climate Index indicator rasters are maintained.

2.4 DATA-IMPOSED LIMITATIONS & UNCERTAINTIES

It is worth noting that each variable in the SVI and Climate index will be taken to be of equal weight and
not proportioned to any degree since doing so would introduce greater subjectivity. This subjectivity
would require a tortuous justification for each weight given as a comprehensive reference for weighing
these components is not yet clear. However, the 4 Themes somewhat address this as it allows for the
observation of which broad characteristics are contributing to the overall score. For example, a user may
identify an area with a high CSVI, view each Theme individually, and discover that Housing &
Transportation is the main factor.

Likewise, the summation of the SVI to the climate index isn’t weighted for the same reason. However,
other methods of combining the data were entertained including a Multiplicative and Maximum Method,
for example:

(SVI)*(Climate Index) = CSVI {1}
(0.0)*(0.9) = 0.00 {2}
(0.5)*(0.5) =0.25 {3}
(0.1)*(0.9) = 0.09 {4}
(0.3)*(0.3) = 0.09 {5}

In the multiplicative cases above, a CSVI score lower than either factor is produced by multiplying SVI
and Climate Index scores. Moreover, in cases where a Theme or the overall combined SVI has a 0 value,
multiplication would produce a 0 score CSVI, as in case {1}. This could be particularly heinous in the
Minority Status & Language Theme where several tracts have a 0 value for this Theme, and would
potentially skew results as other indicators are engaged or manipulated.

Cases {3} and {4} produce significantly different scores although the factors would sum to the same
value. Despite the Climate Index value being very high in case {4} compared to either value in case {5},
the CSVI scores are the same due to the implicit effect of the magnitude of high and low values in
multiplication.

Another possible approach is a Maximum Method which takes the higher of the two values. This would
undermine the rationale for an SVI as the output would be the selection of either a high physical
vulnerability or a high social vulnerability and not both as a compound impact:

max{(0.1),(0.9)} = 0.9 {6}
max{(0.7),(0.9)} = 0.9 {7}

Both cases above would have the same CSVI score despite equation {7} having a significantly higher

social vulnerability. Thus, the Additive Method is maintained to preserve the assumption that the two
indices have an additive relationship to climate vulnerability:

13



(0.1) + (0.9) = 1.0 {8}
0.7) + (0.9) = 1.6 {9}
(0.3) + (0.3) = 0.6 {10}

Another note on the production of the SVI is that actual population or population density is not factored
into the CSVI itself. That is, CSVI scores for any given tract are to be independent of the total population
of the tract. However, to discern between two tracts of similar CSVI score, or to highlight populous tracts
which are highly vulnerable, population data can be superimposed if desired.

3. RESULTS

3.1 MAPPED RESULTS FOR SVI

Results for the overall combined SVI are mapped by county in Figs. 3a-k (See Appendix A for results of
each SVI Theme by county). By the additive nature of the methodology, scores approaching the value 1
describe a greater social vulnerability whereas scores approaching 0 describe a lesser vulnerability to
environmental impacts. For the SVI, it is readily apparent that some counties may experience a
significantly greater SV1 variance than others (e.g. Monroe vs. Knox counties). Additionally, a clustering
of vulnerable tracts is evident in some counties. Two tracts with 0 population values were found, which
coincide with the tracts that bound a Smoky Mountain National Park and Oak Ridge National Laboratory,
both of which have significant footprints and which are very unlikely to have any known permanent
housing.

14
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Fig. 3. (a) Location and extent
of East Tennessee area of
interest, and mapped result of
the overall combined SVI for
(b) Roane County (c) Anderson
County (d) Union County (e)
Grainger County (f) Jefferson (g)
Sevier County (h) Blount County
(i) Monroe County (j) Loudon
(K) Knox County. SVI scores
approaching 1 describe a greater
social vulnerability whereas
scores approaching O describe a
lesser vulnerability.



3.2 INCORPORATION OF SVI AND CSVI RESULTS INTO URBAN-CAT

Results for the SVI and CSVI are dynamic and will reside within the Urban-CAT web environment. Since
the SVI was added to the Climate Index one-to-one, values for the CSVI can range from 0 to 2 where an
index of 2 describes a greater vulnerability to climate impacts. Exporting the SVI and CSVI as a raster
dataset allows not only for compatibility with the backend of the tool, but also facilitates the real-time
analytical computation as the user manipulates parameters. Each raster cell in the web visualization
represents the index values in geographical respect to each Census tract (Figure 4). Likewise, the cells of
the remaining indicators in Urban-CAT, which share a common format and resolution, have per-cell
values in geographic space. These datasets can then be synthesized within the computational environment
to produce cartographic visualizations for analysis. In this way, not only are the SVI and Climate Index
combined in real-time, but other available datasets can also be superimposed. Additionally, the user can
continuously choose different scenarios and parameters to analyze various possibilities and potential
impacts.

Urban Climate Adapfation Tool — - :
Ul’ban-CAT Oak Ridge Mational Laboratory fome:. [ Fpicanons HEN Lhaot

Mayors Panel

Overlays
Population Change
Climate Data (Average Change)
Green Infrastructure Suttability
Social Vulnerability Indices
= Household Composition

= Minonty Staws/Language
Soclosconomic Status

< |—i ;.

71 Housing/Transportation
@ Combined Index

/
)'\ Zero Population

0.00

SEE

1.00

Plant Hardiness Zones Shift

Planners Panel

Fig.4. Overall combined SVI shown for downtown Knoxville, Tennessee as displayed in Urban-CAT.

3.3 DISCUSSIONS & ASSUMPTIONS

This methodology can be scaled to higher administrative boundaries or span the entire United States
where the county grouping can be either maintained or adapted. For example, the groupings could be
completed by state for the U.S. to focus on state-level mitigation for the country. Also, future
improvements may be made to this initial index, including a revision with more context-specific
indicators (e.g. climate change vs. flooding vs. drought).

A few assumptions are taken in the production and use of the SVI indicator for Urban-CAT. Use of the
CSVI along with projected climate data within the Urban-CAT environment should be mindful we are
combining historical data with projected data, and so we assume a static social dynamic and that these
components of social vulnerability will not change in the future. Additionally, a variable that may be an
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indicator for vulnerability today may not be one in the future, and new indicators and data opportunities
may emerge.

3.4 IMPLICATIONS OF SOCIAL VULNERABILITY IN IMPLEMENTATION STRATEGIES

Green Infrastructure is a form of urban Green Space along with parks, forests, streams, community
gardens, and others. Although the target benefit of Gl is stormwater capture, as a form of green space it
also collaterally serves several other ecological and social benefits, such as air filtering, noise reduction,
and physical and psychological benefits to communities in proximity to these spaces (Wolch, 2014). For
example, urban green space has been shown to reduce mortality, obesity, and improve psychological
conditions for residents in close enough proximity. Because of this, implementation of Gl affects the
distribution of green space amongst communities, and thus, the distribution relative social and ecological
benefits.

Additionally, green spaces can affect a neighborhood’s housing costs in a somewhat paradoxical fashion.
While implementation of green spaces generally help to increase property values, and therefore has the
appeal of improvement, there are cases where housing costs rise beyond the reach of the incumbent
community (Wolch, 2014; Krueger, 2007). Cities in the recent past have taken the opportunity for large
Gl projects which have inadvertently caused displacement of communities, and the ensuing public health
and safety issues. A staple example of this is the New York City High Line Park, where an abandoned
elevated train line was converted to an aerial greenway, and set off “rounds of gentrification” as housing
prices and rent skyrocketed (Wolch, 2014).

Georgetown University’s Climate Center outlines several resiliency tools and reports that incorporate
equity and sacial vulnerability, including the Environmental Protection Agency’s Environmental Justice
Screening and Mapping Tool (EJSCREEN), and other city-level initiatives. Additionally, they also offer
informational resources for beginning Gl adaptation initiatives. The National Institute of Standards and
Technology (NIST) also has a community resilience planning guide. We note a trend in community
based adaptation measures that consider social dynamics, and couple adaptation strategies with equity
principles in prospect of an altogether more resilient outcome. In any case, a mindfulness of these
dynamics may increase the success and public approval of Gl projects, reduce potential of emergent
issues, and possibly offer collateral benefits.
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APPENDIX A. MAPPED RESULTS FOR SVI THEMES

SVI scores approaching 1 describe a greater social vulnerability whereas scores approaching 0 describe a
lesser vulnerability. The 10 counties of the East Tennessee region are shown in detail for the four
different themes.

Socioeconomic Status Theme:
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Household Composition & Disability Theme:
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Minority Status & Language Theme:
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Housing & Transportation Theme:
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